Elevated levels of groundwater radioactivity found in fifteen wells from the Disi aquifer in Jordan and in the main collection reservoir were investigated. The estimated annual doses in the studied wells and the reservoir are 0.53 ± 0.02 mSv yr −1 and 0.62 ± 0.02 mSv yr −1 , respectively. These values are higher than the 0.1 mSv yr −1 recommended by the World Health Organization and 0.5 mSv yr −1 recommended in the Jordanian standard. However, the measured dose after mixing with surface water has decreased. Filtered tap water is recommended for drinking since the analyzed samples showed extremely low levels of radioactivity.
Introduction
The lack of fresh water resources in Jordan poses a substantial risk to the nation in terms of living under severe conditions of water scarcity, competition for water quality and quantity and irreversible groundwater depletion [1] . The 80% deserted country is considered the world's third poorest country in water supplies, with an annual consumption rate of less than 150 cubic meters per capita [2] . This is extremely low when compared to the water poverty line of 500 cubic meters per capita per year [3] . In addition, poor rains, growing populations and the ever-increasing number of refugees from conflict zones of neighboring countries only exacerbated the problem. Due to these challenges, the Jordanian government launched in 2009 a project to extract water from the Disi aquifer to replenish the reservoirs used to feed the city of Amman and its suburbs. The project comprised drilling fifty-five wells in the Disi region and collecting the pumped water in a reservoir that mixes water from all the wells then bringing the water to distribution reservoirs in Amman. In 2013, the Disi Conveyance project was completed.
The Disi aquifer project is only a step toward solving the water scarcity problem in Jordan. However, the presence of naturally occurring uranium and thorium isotopes in nearly most of the rocks forming the walls of the Disi aquifer dictates establishing a cumbersome program for quality control and assurance to mitigate the health risks associated with the water radioactivity [4] [5] [6] [7] . In a study by Vengosh et al. [8] published in 2009, high levels of radium concentrations were found in the Disi's groundwater. Their study concluded that the combined activity concentrations of 226 Ra and 228 Ra were high and exceeded the international drinking water standards. On the other hand, Dababneh [9] responded to the claims drawn from the conclusions presented by Vengosh et al. [8] by indicating that some countries like Australia can allow doses from radium in drinking water not to exceed 1 mSv per year per capita [10] . In Jordan this limit is set to a lower threshold of 0.5 mSv per year [11] . The WHO recommends that the dose rate from drinking water should not exceed 0.1 mSv per year [12] . Nevertheless, the Ministry of Water and Irrigation and the Water Authority in Jordan have carried out scientific measures to reduce the high levels of radium isotopes, including mixing Disi's water with radiumfree water, to adhere to the Jordanian allowable dose limits.
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In this study, gamma-ray spectroscopy and gross alpha and gross beta methods were used to measure the radioactivity levels in the Disi's water. Concentrations of two radium isotopes, 226 Ra and 228 Ra, in fossil groundwater samples from the Disi aquifer were measured in fifteen samples which were collected from the wells and nine samples collected from the reservoir. In addition, the associated effective doses from these samples were estimated.
In Sect. 2, details of the sample collection and preparation methods are presented. Concentrations of 226 Ra and 228 Ra isotopes, gross alpha and gross beta activity concentrations, and the annual effective doses are presented in Sect. 3.
Experimental procedure

Sample collection
Twenty-four groundwater samples were collected from fifteen wells of the Disi aquifer in addition to the main collection reservoir, see Fig. 1 . The samples were collected in 20 L polyethylene plastic containers from fifteen different wells and nine samples were taken from the reservoir that mixes the water pumped from the fifty-five wells. Prior to sampling, the containers were washed by 0.1 M HNO 3 acid and rinsed three times using water from the corresponding wells of the collected water. To minimize precipitation and adsorption on container walls, the samples at the time of collection were preserved by adding 50 ml of concentrated HNO 3 in each 20 L of the sample to bring the pH level to 2 as recommended [13] .
Gross alpha and beta activity measurements
For each sample, a 100 ml volume is evaporated gentelly to 3 or 4 ml under Infra-Red (IR) lamp, the residue was transferred to a glass scintillation vial (20 ml) and washed three times with 5 ml of 1 M HNO 3 acid, then transferred again to the vial. After that, the solution was evaporated to dryness smoothly using IR. The resultant solids were dissolved in 1 ml of 1 M HNO 3 acid to break the solids particles. Then a 15 ml of the scintillation solution cocktail Ultima Gold™ AB was added to each scintillation vial.
Prior to measurements, vials were shaken thoroughly until aqueous and organic phases are mixed completely. Samples were counted for 500 min using a Liquid Scintillation Counter (LSC) model Perkin Elmer Tri-Carb 3170TR/ LS equipped with Pulse Decay Discrimination (PDD); the Fig. 1 Location map of the selected wells from the Disi conveyance project, the studied wells are shown as green dots in the zoomed area test is ISO-17025 accredited. The optimum PDD was determined using a 241 Am standard source as a pure alpha emitter and a 90 Sr standard source as a pure beta emitter. This determination is based on the findings in [14] where the different alpha and beta standards were found to have little effect on the optimum PDD setting and alpha/beta separation. Three samples were prepared for efficiency determination using 241 Am as an alpha emitter and 90 Sr as a pure beta emitter. In this work, alpha and beta particles detection efficiencies were calculated as ≈ 100%, and ≈ 96.4%, respectively.
Gamma-ray spectroscopy activity measurements
An amount of 10 ml of HNO 3 was added to 10 L of each water sample. The samples were evaporated to 0.49 L using a standard hot plate at a constant temperature of 80 °C. Then, the evaporated samples were transferred to Marinelli beakers and sealed for counting.
Two High Purity Germanium (HPGe) detectors of 20% and 50% relative efficiencies were used. The collected counting background spectra were studied to evaluate the contribution from the ambient radon. The activity of 226 Ra was directly measured using the 186.2 keV gamma line, assuming no presence of 235 U in the samples. 228 Ra activity was determined through its daughter radionuclide 228 Ac using 911.2 keV gamma line.
Results and discussion
Activity concentrations
The results of the gross alpha, gross beta, 226 Ra and 228 Ra activities measurements in the fifteen selected groundwater wells and the main reservoir are summarized in Table 1 . The table illustrates the volumetric activity from gross alpha emission, gross beta emission, 226 Ra and 228 Ra gamma in with an average value of 1.90 ± 0.06 Bq L −1 . It was found that well No. 35 has the lowest concentration of both gross alpha and gross beta while well No. 9 has the highest concentration of gross alpha and gross beta. The values of gross alpha and gross beta activity concentrations in the main collection reservoir, namely samples M1-M9, were found to range from 1.18 ± 0.03 Bq L −1 to 1.55 ± 0.03 Bq L −1 and from 2.27 ± 0.06 Bq L −1 to 2.47 ± 0.06 Bq L −1 for gross alpha and gross beta, respectively. The average values of gross alpha and gross beta in the reservoir are 1.37 ± 0.03 Bq L −1 and 2.41 ± 0.06 Bq L −1 , respectively. The average concentrations of gross alpha and gross beta activities in the studied samples are much higher than the limits of 0.5 Bq L −1 for gross alpha and 1.0 Bq L −1 for gross beta recommended by WHO and the Jordanian drinkingwater regulation [11, 12] . Table 1 also illustrates the activity concentrations of 226 Ra and 228 Ra in the fifteen selected wells and the main reservoir. The concentrations of 226 Ra in the selected wells range between 0.18 ± 0.05 Bq L −1 and 0.59 ± 0.11 Bq L −1 with an average of 0.34 ± 0.07 Bq L −1 . The concentrations of 228 Ra in these wells are found to be between 0.21 ± 0.01 Bq L −1 and 1.90 ± 0.05 Bq L −1 with an average of 0.92 ± 0.03 Bq L −1 . The lowest values of 226 Ra and 228 Ra concentrationsare found in well No. 35 while the highest concentrations are found in well No. 9. This is consistent with the results from the gross alpha-beta measurements. The average activity concentrations of 226 Ra and 228 Ra in the reservoir were 0.44 ± 0.08 Bq L −1 and 1.05 ± 0.03 Bq L −1 , respectively.
The activity concentrations of 226 Ra and 228 Ra in thirteen wells from the unconfined part of the Disi aquifer published by Vengosh et al. [8] were 0.53 Bq L −1 and 0.92 Bq L −1 , respectively. The concentrations of 226 Ra and 228 Ra in the confined part of twelve wells from the Disi aquifer measured in the same study were 0.66 Bq L −1 and 2.00 Bq L −1 , respectively. However, these values are consistent with our findings, especially in the unconfined part of the Disi aquifer since most of the wells in the Disi conveyance project are located within this part.
The relationship between 228 Ra and 226 Ra concentrations for the selected wells in the Disi aquifer is shown in Fig. 2 . The results showed enrichment in 228 Ra relative to 226 Ra by factor 2.7. However, this result is expected, since the water-bearing rocks in this study are sandstone. This result is consistent with the previous study published by Vengosh et al. [8] in samples from the Disi aquifer. They found that the 228 Ra/ 226 Ra activity ratios from the confined and unconfined parts of the Disi aquiferwere 2.9 and 1.6, respectively. In another study, Szabo et al. [15] reported that the 228 Ra concentrations are higher than 226 Ra in clastic sand aquifers in the USA.
Dose estimations based on the radium activity
The assumption of secular equilibrium between the 238 U-chain members in the water samples is not made for the total effective dose estimation. This is due to concerns about breaking the chain equilibrium, where some elements from the chain do not dissolve in water. 226 Ra is soluable in water and it remains in the drinking water if not treated. Its activity was measured using the direct detection of the 186.2 keV peak.
Similarly, the low solubility of some daughters of the thorium series in water [16] eliminates their contribution to the total effective dose estimation. For that, only 228 Ra activity is considered, which was measured by the detection of its daughter's 911.2 keV line. The calculated dose in this study is based only on the sole activity concentrations of 226 Ra and 228 Ra.
The following formula is used in the estimation of the committed effective annual dose received by adults from drinking water:
where D tot is the total annual 226 Ra or 228 Ra committed effective dose, A i is the 226 Ra or 228 Ra activity concentrations in each sample, and C i is the dose conversion coefficients. The dose conversion coefficients for 228 Ra and 226 Ra are 6.9 × 10 −4 mSv Bq −1 and 2.8 × 10 −4 mSv Bq −1 [17] . The . Figure 3 displays the total annual effective dose from the 226 Ra and 228 Ra nuclides for the groundwater samples collected from the Disi aquifer. The total dose from the fifteen wells varied from 0.14 ± 0.01 mSv yr −1 to 1.1 ± 0.02 mSv yr −1 with an average of 0.53 ± 0.02 mSv yr −1 . The dose from the reser voir ranges between 0.48 ± 0.01 mSv yr −1 and 0.72 ± 0.01 mSv yr −1 with an average of 0.62 ± 0.02 mSv yr −1 . Well No. 35 has the lowest value while well No. 9 has the highest value. These values exceed the WHO recommendations and the Jordanian limits.
Dose estimations based on the worst-case scenario
The analysis of gross alpha-beta activity concentrations is widely used as an initial step to identify the radioactivity levels in drinking waters [18, 19] . The worst-case scenario annual dose can be calculated based on the activity concentrations of gross alpha and gross beta. The main assumption in this scenario is that the major contributions to gross activities come from the radium isotopes, namely 228 Ra for gross beta and 226 Ra for gross alpha.
Equation (1) was used in the worst-case scenario annual dose estimations received by adults from drinking water, where D tot is the total annual gross alpha or gross beta committed effective dose, A i is the gross alpha or gross beta activity concentrations in each sample, and C i is the dose conversion coefficients. The dose conversion coefficients considered are those for 226 Ra and 228 Ra. Figure 4 displays the worst-case scenario annual dose for the groundwater samples collected from the wells and the main reservoir in the Disi aquifer project. The total dose from the fifteen wells varied from 0.65 ± 0.03 mSv yr −1 to 2.83 ± 0.16 mSv yr −1 with an average of 1.20 ± 0.06 mSv yr −1 . The dose from the reservoir ranged from 1.43 ± 0.07 mSv yr −1 to 1.60 ± 0.08 mSv yr −1 with an average of 1.50 ± 0.07 mSv yr −1 . These values exceed the WHO and the Jordanian limits. Table 2 summarizes the activity concentrations of gross alpha-beta and the annual doses received by adults in samples taken from network water and filtered water in Amman. One sample from the network and one filtered sample, using a reverse osmosis water filtration system with 5 µm membrane, were taken from the same source. The reverse osmosis relies on pressure to force water moving through the membrane, resulting in the separation of water from other suspended particles. It is notable that the worst-case Fig. 3 The total 226 Ra and 228 Ra annual committed effective dose for the groundwater samples collected from the fifteen wells and the main reservoir in the Disi project. The green horizontal line repre-sents the Jordanian limit, whereas the red line is for the WHO limit. (Color figure online) scenario annual dose in the network water sample with 0.62 ± 0.01 mSv yr −1 is almost half of the value found in the Disi water. This clearly shows that the mixing of Disi water with radium-free surface water is very important to mitigate the high radioactivity levels in the Disi water. Furthermore, the annual effective dose measured for filtered tap water samples is found to be greatly enhanced to levels below any concern. This preliminary results encourage to pursue further research in this topic.
Dose estimation from the network water and after water filtration
Conclusions
Measurements of 226 Ra and 228 Ra radioactivities in fifteen wells and the main Disi aquifer collection reservoir were performed using gamma-ray spectroscopy. The committed effective annual dose from these samples were estimated using the activity measurements from gamma-ray spectroscopy and compared to the worst-case scenario assessed from the gross alpha and gross beta method performed on the same samples. It was found that the average committed effective anual dose from the main collection reservoir is 0.62 ± 0.02 mSv yr −1 , which is higher than the limit recommended by both the WHO and the Jordanian authorities. However, the dose in the network water in Amman is reduced to acceptable levels proving the feasibility of the mixing technique. Filtered tap water using the reverse osmosis is recommended for drinking since the analyzed samples showed very low levels of activity.
Based on the results of this study, we recommend to minimize the pumping of water from a number of wells, in particular, wells: 6, 9, 11, 41, and 43, since the doses from these wells are particulary high. In addition, inhabitants are advised to install water filtration system in their homes. The conclusions of this study should raise public awareness of the issue as well as local authorities. Fig. 4 The worst-case scenario annual dose for the groundwater samples collected from the fifteen wells and the main reservoir based in the Disi project. The green horizontal line represents the Jordanian limit, whereas the red line is for the WHO limit. (Color figure online) Table 2 Gross alpha, gross beta, and worst-case scenario annual doses in network water and filtered water samples obtained from Amman
Sample
Gross alpha (Bq L −1 ) Gross beta (Bq L −1 ) Dose (mSv yr −1 )
Network water 0.296 ± 0.01 1.12 ± 0.02 0.62 ± 0.01 Filtered water 0.092 ± 0.004 < 0.143 0.02 ± 0.00
